On the molten steel flow in the mold of the slab-type continuous caster, the analysis by the unsteady and three-dimensional mathematical model is carried out from the viewpoint of the meniscus behavior. As flow control methods at meniscus in the mold, electromagnetic brake and meniscus electromagnetic stirrer are chosen, and those flow control characteristics are investigated and results are as follows.
Introduction
It is clear that molten steel flow in the continuous casting mold greatly influences the product quality from the many reports [1] [2] [3] [4] [5] in a past. Various control devices of molten steel flow have been investigated and developed. [6] [7] [8] [9] [10] [11] [12] Deep interest has been paid particularly for the meniscus behavior, which seems to influence the surface quality of products. However, flow control characteristics are very complicated, and it is difficult to understand flow control characteristics only by simple experiment and/or analysis, then these are not sufficiently understood at present. Here, flow control characteristics are investigated on electromagnetic brake and meniscus electromagnetic stirrer as a control method by electromagnetic force of the molten steel flow in the mold.
The electromagnetic brake was developed in 1980's, and the electromagnetic field was locally applied at the exit of the immersion nozzle in early time. Afterwards, the ruler types 7) which applied the magnetic field from the edge of the mold to the edge and double-deck type which is called FC mold, 9) etc. were developed, and they are utilized as an effective flow control apparatus at present. In recent years, the electromagnetic brake is very effectively used for the development of thin slab continuous caster, 13) and it greatly contributed to the speedup of casting speed. The meniscus electromagnetic stirrer 8) is used as a method for improving the surface quality of product by the forced flow of the molten steel in front of solidified shell at meniscus. It is different from strand electromagnetic stirrer and mold electromagnetic stirrer for small section continuous caster. 14) Here, characteristics of these flow control system are investigated by the flow analysis according to unsteady and three-dimensional mathematical model of previous report.
18)

Mathematical Modeling
The analysis using turbulence model which is assumed steady state has been carried out in many flow analyses, but it is difficult to resolve the dynamic behavior of molten steel flow in the continuous casting mold by the time averaged turbulence model, 15) and studies of the turbulent fluid flow with modeling of the effect of electromagnetic force on the fluid flow are rare, 16) and there is a limit in order to accurately evaluate the flow characteristic. Here, fluid flow is analyzed using LES (Large Eddy Simulation) 17) which is unsteady turbulence model in order to accurately solve the turbulent flow phenomena as much as possible. Though the details of the model were well informed in the previous report, 18) the outline is explained in the following.
Governing Equations
The following assumptions and simplifications are made in this model. 18) 1) The fluid is incompressible, and liquid and solid phase density and specific heat are same and constant. 2) Darcy's law is applied as flow resistance through mushy zone. 3) Solid phase acts as a rigid body (velocity of solid phase is equal to the casting speed) and the area of f s Ͼ0.8 is judged rigid body. 4) Gas bubble is incompressible and dispersed phase, and shape is spherical and diameter is not changed. 5) Momentum equation of gaseous phase is subject to Basset-Boussinesq-Oseen-Tchen equation. 19) However, Basset term was neglected. 6) In energy balance, enthalpy of gaseous phase is negligible. 7) Large Eddy Simulation (LES) 17) is adopted as the turbulent model. 8) Turbulent Prandtle number is equal to 1. 9) The solidification temperature is calculated by lever rule.
20)
The governing equations take the following form: (8) where,
F ei : Lorentz force,
Procedure of Analysis
The basic algorithm is SOLA method 21) which is the typical time marching method, and the discritization of governing equations is based on the BFC (Boundary Fitted Coordinate) 22) and the staggered grid system using the velocity component which is defined normal to the boundary surface of control volume is adopted.
23) The second-order central scheme is used for viscous and convective term, and the time integration is based on an Euler method. It is usual to use the no-slip condition for the boundary conditions of the wall in LES analysis but the wall function is used 24) in order to reduce the computational cost. Time step is selected so that largest courant number is equal to 0.3 in all computational area. In present calculation, time step limited by this courant condition is 10 Ϫ3 order. Computation is conducted until flow field becomes periodic steady state, and the time averaged field variables are obtained by summation of the computational results in each time step. Characteristics of velocity fluctuation are examined by monitoring the velocity in front of solidified shell just under the meniscus at 1/4 width of mold.
Fluid Flow Analysis
Computational Conditions
Continuous caster shown in Fig. 1 is selected as ordinary slab-type continuous casting machine. In addition, location of electromagnetic brake and meniscus electromagnetic stirrer are shown in Fig. 1 . Computational conditions shown in Table 1 are chosen in order to clarify effects of Ar gas blown into the immersion nozzle, discharge angle of the immersion nozzle and the magnetic field on the meniscus behavior in continuous casting mold. Diameter of Ar gas bubble is set at 1 mm in this analysis, since the bubble diameter was concentrated at about 1 mm according to the flow analysis considering the distribution of bubble diame- ter. 18) Computational grid shown in Fig. 2 is made to be the full size model, and the computational domain is divided into 29ϫ81ϫ61 (thicknessϫwidthϫlength) grids.
Computational Results
Instantaneous and time averaged flow fields of computational results are shown in 
Discussions
Effect of Ar Gas Blown into the Immersion Nozzle on Fluid Phenomena at Meniscus
Effects of Ar gas blown into the immersion nozzle can be understood in comparison with case 1 and 2 in Fig. 4 . Since the flow rate of blown Ar gas is comparatively little in this case, there are no remarkable effects. However, discharged flow through the immersion nozzle turns to the upper direction by buoyancy force of bubbles, and the impinging stream to narrow face of slab is eased. Then, the horizontal flow velocity just under the meniscus is reduced. In this case, the maximum value of horizontal velocity for immersion nozzle from narrow side of mold decelerates from 49 to 43 cm/s. It seems that Ar gas affects much more on meniscus phenomena, when the casting speed is slower and/or Ar gas flow rate is more increasing. Ar gas blown into the immersion nozzle is one of flow control means from different viewpoint. Computational cases with electromagnetic control are compared with this case 2 considering the effect of Ar gas blown into the immersion nozzle.
Effects of Electromagnetic Brake on Fluid Phenomena at Meniscus
Computational cases with electromagnetic brake are cases 3, 4 and 5, and these are compared with case 2 as a standard condition. The flow velocity is reduced without the change of basic fluid flow pattern according to observation of the results of cases 3 and 5 with the discharge angle equal to case 2. For example, maximum horizontal velocity for the immersion nozzle from narrow face of the mold just under the meniscus is reduced to 35 cm/s from 43 cm/s with 2 000 gauss, and reduced to 33 cm/s from 43 cm/s with 3 000 gauss. Computational results with electromagnetic brake are characterized by suppression of velocity fluctuation, remarkable increasing of the temperature at meniscus and making to flatten the meniscus shape.
The distributions of turbulent viscosity coefficient in the representative conditions are shown in Fig. 6 . It is clear in this figure that region of large turbulent viscosity coefficient is narrow and velocity fluctuation is reduced only for case with electromagnetic brake. These phenomena seem to be the effect of making flow uniform and it is considered that electromagnetic force works on the fluctuation of the turbulent velocity component and flow distribution becomes uniform. Internal temperature of the slab is retained higher as the result of suppressing the fluid mixing caused by the turbulent flow fluctuation than without electromagnetic brake.
The selection of discharge angle of the immersion nozzle is also important, when the electromagnetic brake is used. When the discharge angle is set at 30°like case 4, since the discharge angle is small, discharged fluid flow is interrupted by the electromagnetic force, and the flow direction is changed above. The upper circulating flow is intensified, and horizontal flow velocity and velocity fluctuation just under the meniscus cannot be suppressed. These results are undesirable and original function of the electromagnetic brake is not demonstrated. Therefore, it is necessary to pay the attention for the selection of the discharge angle of the immersion nozzle in the case of flow control by the electromagnetic brake.
By the way, in spite of the electromagnetic brake effectively does not work in case 4, the temperature of the molten steel rises at the meniscus. Two effects are considered as the reason why the meniscus temperature rises. One is the suppression of the fluid mixing as stated above but it is not dominant in this case. The other is that the high temperature molten steel is supplied to the meniscus as a result of changing the direction of the molten steel flow by the © 2003 ISIJ Fig. 4(1) . Computational results in each cases. electromagnetic brake.
Effects of Meniscus Electromagnetic Stirrer on
Fluid Phenomena at Meniscus At last, flow control characteristics by the meniscus electromagnetic stirrer are examined from the results of cases 6, 7 and 8. The velocity distribution from the viewpoint of wide face of the mold at the 1/2 thickness is similar to the result of case 3 with electromagnetic brake according to the observation of the results of case 6 shown in Fig. 4 . However, the structure of the three-dimensional fluid flow is greatly different and the fluid flow structure can be understood from the observation of the streamlines shown in Fig. 5 . In case 6, the electromagnetic force does not affect very much for discharged fluid flow, since the discharged flow angle is large. As the result, the discharged fluid flow through the immersion nozzle impinges on the narrow face of the mold, and fluid flow branches for top and bottom. The upper circulating flow is formed and electromagnetic force affects it, then the velocity profile becomes to be asymmetrical with respect to the line of 1/2 thickness at meniscus. In the place where the flow velocity is very slow, the temperature becomes to be low.
On the other hand, flow patterns of cases 7 and 8 are very complicated and different from case 6. The electromagnetic force affects the discharged flow through the immersion nozzle in these cases, and impinging flow to the narrow face of the mold is eased. The fluid flow becomes to be almost symmetrical with respect to the line of 1/2 thickness at meniscus since the upper circulating flow is very weak. Temperature profile is also symmetrical and the region with the low temperature does not exist. In addition, absolute value of the flow velocity in front of the solidified shell at meniscus is small but the fluid flow fluctuates extremely. These phenomena seem to be effective for removal of bubbles and inclusions captured by the solidified shell at meniscus. In addition, the fluid flow controlled by meniscus electromagnetic stirrer is characterized by falling vortex formed near the narrow face of the mold. The downward flow along the narrow face of the mold descends downward and expands along the wide face of the mold by this vortex, and penetration depth becomes to be shallow. It can be expected that deep penetration of bubbles and inclusions is suppressed.
Therefore, the selection of the discharge angle of the immersion nozzle is also very important in this case. When the selection of discharged angle of the immersion nozzle is not appropriate like cases 6, asymmetric flow and low temperature region are formed at meniscus, and it is apprehensive that the uniformity of the surface quality is not guaranteed.
Conclusions
Molten steel flow in the continuous casting mold was analyzed using the three-dimensional and unsteady mathematical model. Effects of Ar gas blown into the immersion nozzle, electromagnetic brake and meniscus electromagnetic stirrer on the meniscus behavior were examined and conclusions are according to the following.
(1) Ar gas bubbles blown into the immersion nozzle are carried by discharged flow through the immersion nozzle and the discharged flow turns to upper direction by buoyancy force of bubbles, then Ar gas affects the meniscus behavior in the mold and has the effect of slightly rising of temperature at meniscus.
(2) The electromagnetic brake makes the molten steel flow two-dimensional, and the turbulence of fluid flow is suppressed. Internal temperature of the slab is retained higher as the result of suppressing the fluid mixing caused by the turbulent flow fluctuation than without electromagnetic brake.
(3) It is necessary to pay the attention for the selection of the discharge angle of the immersion nozzle in the case of flow control by the electromagnetic brake. The electromagnetic brake may accelerate the fluctuation and velocity of meniscus flow in some cases.
(4) Since electromagnetic brake makes to flatten the meniscus shape, it is advantageous for the high-speed casting.
(5) The selection of the discharge angle of the immersion nozzle is important in order to make the symmetrical flow at meniscus, when the meniscus electromagnetic stirrer is used. If the selection of discharged angle of the immersion nozzle is appropriate, removal of bubbles and inclusions captured by the solidified shell at meniscus is expected since the fluid flow velocity is low but fluctuates extremely.
(6) The meniscus electromagnetic stirrer can suppress the deep downward flow along narrow face of the mold, if electromagnetic force is made to interfere with the discharge flow through the immersion nozzle.
(7) The above are summarized: the electromagnetic brake is effective for the stabilization at meniscus in the high-speed casting and the meniscus electromagnetic stirrer is advantageous for the activation at meniscus in the comparatively low-speed casting. 
Nomenclature
